The Multi-angle Imaging SpectroRadiometer (MISR) instrument provides global imagery at nine discrete viewing angles and four visible/nearinfrared spectral bands. MISR standard products include green leaf area index (LAI) of vegetation and fraction of photosynthetically active radiation absorbed by vegetation (FPAR). This paper describes the research basis for transitioning the MISR LAI/FPAR products from provisional to validation status. The efforts included not only comparisons to field data but also analyses of relationships, consistency and complementarity between various MISR products derived by independent algorithms. For example, we show how the energy absorbed by the ground below vegetation can be estimated from two independent MISR products, FPAR and BHRPAR (bi-hemispheric reflectance at PAR wavelengths). Further, we show that this information can be used to derive at least three measures of canopy structure -Beer's law extinction coefficient, mean leaf inclination and the gap fraction or vegetation ground cover. The spatial and temporal coverage of the LAI/FPAR product is mainly limited by cloud contamination. However, when a successful aerosol retrieval is performed, typically 95% of pixels have surface reflectance retrievals suitable as input to the LAI/FPAR algorithm. The algorithm provides LAI/FPAR retrievals in 50-80% of these pixels with suitable input. The early versions of the algorithm overestimated LAI values in grasses and broadleaf crops. The MISR LAI product from the recalibrated algorithm (version 3.3) is assessed by comparison with field data collected in a 3 × 3 km agricultural area (grasses and cereal crops) near Avignon, France. LAI retrievals in other biomes are compared to MODIS LAI product of known accuracy. The MISR LAI product shows structural and phenological variability in agreement with data. Our results suggest that the product is accurate to within 0.66 LAI in herbaceous vegetation and savannas and is an overestimate by about 1 LAI in broadleaf forests. LAI retrievals over needle leaf forests remain at provisional quality level.
Introduction
The multi-angle imaging spectroradiometer (MISR) instrument is designed to provide global imagery at nine discrete viewing angles and four visible/near-infrared spectral bands. The MISR team is responsible for development and validation of algorithms and for producing a series of products which include vegetation green Leaf Area Index (LAI) and Fraction of Photosynthetically Active Radiation (400-700 nm) absorbed by vegetation (FPAR) . These products are required to describe the exchange of fluxes of energy, mass (e.g., water and CO 2 ) and momentum between the surface and atmosphere (Sellers et al., 1997) .
MISR LAI/FPAR research has three major componentsalgorithm development, product analysis and validation. Algorithm development includes the development of the at-launch algorithm (Knyazikhin et al., 1998a,b) , prototyping of the algorithm prior to the launch of Terra platform (Zhang et al., 2000) , and algorithm refinement (Hu et al., 2003) . Product analysis includes assessment of the overall algorithm performance at global scale and assessment of the accuracy and quality of the product at regional scales with emphasis on understanding how input data uncertainties impact retrieval quality (Wang et al., 2001; Hu et al., 2003) . This paper describes the research basis for transitioning the MISR LAI/FPAR product from provisional to "stage 1 validation" status defined as "Product accuracy has been estimated using a small number of independent measurements obtained from selected locations and time periods and groundtruth/field program effort" (WWW1). An infrastructure presently exists that accumulates resources required for validation of satellite products . At most of the sites included in this structure, there is a long-term measurement program to support in situ measurements that can be used to assess the quality of satellite products. Data available through the existing infrastructure are used in this research to establish the stage-1 validation status of MISR LAI/FPAR products.
The assessment of the quality of satellite-derived parameters should include not only validation but also a comprehensive analysis of relationships, consistency and complementarity between various products derived from independent algorithms. Such an analysis is valuable to establishing product accuracies and demonstrating their utility for monitoring and modeling studies. This aspect of product quality assessment is also discussed in this paper.
The paper is organized as follows. Section 2 provides background information on the MISR Level 2 surface parameters product. The information content of MISR surface parameters, their consistency and complementarity, as well as their utility for monitoring and modeling studies are analyzed in Section 3. The spatial and temporal coverage of the MISR Level 2 surface product over different validation sites is examined in Section 4. The validation results from five vegetation sites are presented in Section 5. Finally, the concluding remarks are summarized in Section 6.
Description of the MISR surface parameters product
The MISR instrument on the Earth Observing System (EOS) Terra platform orbits the Earth about 15 times each day. There are 233 distinct orbits, called paths, which are repeated every 16 days, and since the paths overlap, near global coverage is obtained in 9 days. The MISR instrument views symmetrically about the nadir in forward and afterward directions along the spacecraft flight track. Image data are acquired with nominal view zenith angles relative to the surface reference ellipsoid of 0.0°, 26.1°, 45.6°, 60.0°and 70.5°in four spectral bands (446, 558, 672, and 866 nm) . The MISR data are distributed from the NASA Langley Atmospheric Sciences Data Center (WWW2). The MISR products are archived for each path and orbit. The orbit number corresponds to data acquired over a path for a particular date. Each path is about 360 km wide from east to west which, in turn, is divided into 180 blocks measuring 563.2 km (cross-track) × 140.8 km (along-track) , that is, 512 × 128 pixels. For a given path, a numbered block always contains the same geographic locations.
The MISR Level 2 Land Surface Product is at a spatial resolution of 1.1 km and includes spectral hemisphericaldirectional reflectance factors (HDRF) at the nine MISR view angles and the associated bihemispherical reflectance (BHR). The HDRF is the ratio of the directionally reflected radiance from the surface to the reflected radiance from an ideal lambertian target under identical illumination conditions as the surface. The BHR is the HDRF integrated over all reflection angles in the upward hemisphere, i.e., it is the surface spectral albedo under ambient atmospheric illumination. Related MISR surface parameters, also being generated and archived within the Land Surface Product, are the spectral bidirectional reflectance factor (BRF) at the nine MISR view angles and the directional-hemispherical reflectance (DHR). The BRF and the DHR characterize the surface in the same way as the HDRF and BHR, respectively, but are defined for the condition of direct illumination only. In addition to these spectral products, the BHR and DHR, integrated over the wavelength region of photosynthetically active radiation (PAR) (400-700 μm), BHRPAR, are also computed. The details of the retrieval methodologies used to derive these products have been described by Martonchik et al. (1998b) .
The MISR Level 2 Land Surface Product also includes vegetation green leaf area index (LAI) and the fractional amount of vegetation absorbed photosynthetically active radiation (FPAR). The LAI is defined as the one-sided green leaf area per unit ground area in broadleaf canopies and as the projected needle leaf area per unit ground area in coniferous canopies. The FPAR is defined for ambient sky conditions, i.e., it accounts for both diffuse and direct illumination. In the MISR approach to LAI/FPAR retrievals, global vegetation is stratified into six canopy architectural types or biomes (Myneni et al., 1997) . The six biomes are grasses and cereal crops (biome 1), shrubs (biome 2), broadleaf crops (biome 3), savannas (biome 4), broadleaf forests (biome 5) and needle leaf forests (biome 6). For each biome, the LAI/FPAR algorithm first identifies all LAI values and soil and/or understory reflectances for which modeled and observed BHR and BRF differ by an amount equivalent to or less than the combined uncertainty in model and observations. FPAR is calculated for each such LAI and soil or understory reflectance. Second, from this set, conditional mean LAI and FPAR and their dispersions are calculated. The conditional mean LAI and FPAR are defined as the LAI and FPAR averaged over all soil or understory models for a given biome type. Finally, the most probable LAI, FPAR and biome type are chosen, using the results from the biome which has the least coefficient of variation (dispersion divided by mean). The conditional LAI values, their spread as well as the most probable values of LAI and FPAR are archived in the MISR Surface Parameters Product for each 1.1 km MISR pixel within which the BHR/BRF retrieval was performed. The details of the retrieval methodologies used to derive these products can be found in (Hu et al., 2003; Knyazikhin et al., 1998a,b) . Here the emphasis will be on the conditional LAI parameter. The most probable values of LAI and FPAR are analyzed in Hu et al., 2003. 
Examples of MISR retrieval quality, uniqueness and consistency
Product assessment should include, in addition to validation efforts, a comprehensive analysis of the relationships, consistency and complementarity between various parameters derived from independent algorithms. Such an analysis highlights the utility of these parameters for studies on monitoring and modeling as well as for exploring the potential for enhanced information retrieval through innovative manipulation of multiple parameters. Here, a select number of retrieval cases are presented to showcase the information content of surface directional reflectances, consistency and complementarity between the various parameters of the MISR surface product suite.
Angular signatures in spectral space
A vegetated surface scatters shortwave radiation into an angular reflectance pattern, whose magnitude and shape are governed by the composition, density, optical properties and geometric structure of the vegetation canopy and its underlying surface. Zhang et al. (2002a,b) have shown that the angular signatures at different spectral bands are not independent and their correlation conveys information about canopy structure. The correlation, e.g., can be seen if one depicts variation in the BRF at red and near-infrared (NIR) wavelengths with the view angle ( Fig. 1) . Points corresponding to different view angles form a curve -an angular signature in spectral space (Zhang et al., 2002a) . The signature can be characterized by three metrics: (i) its location in the spectral space, which is mainly determined by the biome type; the DHR at red and NIR wavelengths is used to specify the location; (ii) inclination (slope and intercept) of the signature, which is determined by leaf and soil optical properties, and the structure of the canopy; and (iii) the length of the signature, which describes spectral variation in the shape of the BRF. Here we follow a methodology to interpret multi-angle data proposed by Zhang et al. (2002a,b) .
The mean signatures of 2 by 2 degree areas representative of five biomes and corresponding to the greenest seasons are shown in Fig. 2 The location of reflectance data in the spectral space is the basic source of information about the vegetation canopy conveyed by single-angle multi-spectral satellite data. In our example, the locations of broadleaf crops, broadleaf and needleleaf forests, shrubs, and to some extent grasses and cereal crops are distinct in the red-NIR space. Needle forests appear darkest in these plots. Multiple photon-needle interactions within shoots are primarily responsible for this phenomenon (Rautiainen & Stenberg, 2005; .
The length of the signature is another type of information provided by multi-angle data about canopy structure. It measures the degree of anisotropy in the reflected radiation field which is dependent on the heterogeneity of the medium. For the (Zhang et al., 2002a) . The signature is characterized by three metrics: (i) its location in the spectral space which is determined by the directional hemispherical reflectance (DHR), (ii) inclination (slope and intercept) of the signature, and (iii) the length of the signature, which describes spectral variation in the shape of the BRDF. case of a homogeneous medium, defined as an isotropic reflector, the length is zero because the angular signature in spectral space is a point. One can see that shrubs have the highest length values relative to other biomes, thus indicating a high degree of both lateral and vertical heterogeneity. The forest biomes exhibit larger length magnitudes compared to grasses and crops. This indicates a higher degree of vertical heterogeneity in the case of forests (Zhang et al., 2002a) .
In terms of inclination of the signature, forest biomes tend to have steeper slopes and smaller intercept values. Shrubs, on the other hand, show the lowest slope and a large intercept. In the case of dense vegetation canopies, the ratio between BRFs at near infrared and red spectral bands, or the simple ratio (SR), is nearly independent of view directions, indicating a low impact of canopy background on the BRF (Kaufmann et al., 2000; Zhang et al., 2002a) . The fact that sparse vegetations tend to have a non-zero intercept indicates a sensitivity of the simple ratio to view and sun angle variations. This is because the surface reflectance results from contributions of radiation reflected by vegetation (e.g., shrub) and ground which vary nonlinearly with view angle.
The temporal movement of data in the spectral space characterizes changes in canopy properties . Fig. 3 shows the seasonal change in the mean signature of a broadleaf forest located in a 2 by 2 degree area centered on the Harvard Forest site. In April, the trees are leafless and hence LAI is equal to zero. The corresponding signature is mainly determined by the reflectance and anisotropy of a bare background. A non-zero intercept and a low value of the slope make the simple ratio sensitive to view angle. As LAI increases from May to July, the signature moves in the spectral space away from its location in April. This movement is accompanied by a sharp decrease in the red and an increase in the NIR reflectance. The slope jumps from 2.4 in May to its maximum value of about 7.7 in July and August. In these summer months, the simple ratio is insensitive to the view angle. The length reaches its minimum value, indicating the lowest degree of the horizontal heterogeneity. The location corresponding to the greenest seasons depends mainly on the leaf optical properties (Zhang et al., 2002b) . The September signature still has a steep slope. It occupies approximately the same space on the RED vs. NIR plane as in July and August. These two features suggest a low impact of background on canopy reflectance (Zhang et al., 2002b) . However, changes in the leaf optics result in an increased value of the signature length. The decrease in the slope and increase in the length from October to November indicate a stronger impact of the background on reflected radiation and, consequently, a lower LAI value.
LAI and FPAR retrievals over sparse vegetation
Shrubs have low vegetation cover over a bright background and exhibit lateral spatial heterogeneity. According to the Collection 4 MODIS Land Cover Product (WWW3), this biome constitutes about 25% of global vegetation. Fig. 4 shows the annual course of LAI and FPAR derived from MODIS and MISR data for a 2 by 2 degree area centered on the Walnut Gulch (San Pedro) site in Arizona (WWW1). The MISR product exhibits seasonality while the MODIS product is almost flat. This seasonality is consistent with the response of the vegetation to precipitation in this region, which is bi-modally distributed with about 50 to 60% of the annual total of about 76 cm falling in the summer monsoon season, and 21% to 35% occurring in the winter months.
The MODIS and MISR algorithms both perform retrievals by comparing observed and modeled radiances for a suite of canopy structure and soil patterns that covers a range of expected natural conditions (Knyazikhin et al., 1998a,b) . The set of all canopy and soil patterns for which the magnitude of the residuals in the comparison does not exceed uncertainties in observed radiances is treated as acceptable solutions. FPAR is calculated for each such LAI and soil or understory reflectance. The mean LAI and FPAR over all acceptable LAI values are taken as the retrieved LAI and FPAR values. The information conveyed about canopy structure is small in the case of a singleangle instrument whose footprint does not spatially resolve individual scene elements. Therefore, a wide range of natural variation in LAI and soil or understory reflectance can result in the same value of the remotely sensed signal. This results in a higher uncertainty in retrieved values of LAI and FPAR. Since the interaction of photons with canopy structure determines the directional reflectance distribution, the use of multi-angle information results in fewer solutions that are consistent with the observations. The retrieval uncertainty in LAI is therefore low. A comparison of MODIS and MISR LAI retrievals with field data supports this inference (Section 5.2). This example demonstrates the advantage of multi-angle data for retrievals in arid land -marginal ecosystems that are dynamic and being subject to anthropogenic pressures.
Partitioning of solar radiation
LAI and FPAR are parameters that are descriptive of vegetation canopy structure and its energy absorption capacity, and are key state variables in most ecosystem productivity models and in global models of climate, hydrology, and ecology (Sellers et al., 1997) . For example, Buermann et al. (2001) reported that the use of satellite LAI reduces the model biases in near-surface air temperature in comparison to observations. The model was NCAR Community Climate Model 3 (Kiehl et al., 1996 (Kiehl et al., , 1998 . The analysis showed how the use of satellite LAI fields allowed a more realistic partitioning of incoming solar radiation between the canopy and the ground below the canopy, thus resulting in improved model predictions of near-surface climate. This also highlighted the need for independent estimates of vegetation and ground absorption of solar radiation to describe the energy balance correctly.
The MISR surface product includes bihemispherical reflectance integrated over the photosynthetically active spectral region (BHRPAR), the broadband visible albedo. From energy conservation, the fraction of PAR absorbed by the ground beneath the canopy is given by the formula FGROUND = 1 − BHRPAR − FPAR. Fig. 5 shows the MISR standard surface product suite that includes LAI, FPAR and BHRPAR and the new parameter, FGROUND, derived from the standard products. In this example, BHRPAR is nearly homogeneous spatially. Thus the amount of PAR absorbed by the surface is also homogeneous. However, its partitioning between the vegetation and ground can be dramatically different. For example, from the LAI panel we note considerable spatial variation in LAI. Not surprisingly, FPAR is also spatially variable and, consequently, the energy absorbed by the ground. This example suggests that the BHRPAR, or generally the albedo, alone does not convey adequate information in many cases.
Obtaining new information on canopy structure from MISR products
Given LAI and FGROUND fields, two types of regression curves can be derived. The first one, the best possible prediction of LAI given a realized value of FGROUND, LAI = F 1 (f ), is the expectation of observed LAI under the condition that the FGROUND takes a given value f (Bronshtein & Semendyayev 1985, pp. 615-616) . Similarly, the best possible prediction of FGROUND given a LAI value L, i.e., FGROUND = F 2 (L), can be obtained by averaging FGROUND values over pixels for which LAIs fall in a sufficiently narrow interval around a given value L. If there is a one-to-one relationship between LAI and FGROUND the functions F 1 and F 2 are reciprocally related; that is, Fig. 6a . This indicates a strong relationship between LAI and FGROUND at the resolution of MISR products. These results can be interpreted as follows (Diner et al., 2005) .
The fraction of PAR absorbed by the ground is the downward PAR flux density, F, times the soil absorptance, 1 − α, where α is the reflectance of the canopy background. The downward flux, in turn, can be expressed via the downward flux density, F BS , calculated for a vegetation canopy bounded by a non-reflecting surface as F = F BS / (1 − αr ⁎ ) where r ⁎ is the probability that photon entering through the lower canopy boundary will be reflected back by the vegetated layer (Knyazikhin & Marshak, 2000; Wang et al., 2003) . Since green leaves usually absorb 85%-90% of intercepted radiation in the photosynthetically active region of the solar spectrum, F BS can be approximated by the fraction of direct incident PAR that the vegetation canopy transmits. This fraction follows Beer's law, given by exp[− G(θ 0 ) · LAI / cos(θ 0 )], where θ 0 is the solar zenith angle, and G(θ 0 ) is a geometric factor defined as the projection of unit leaf area onto a plane perpendicular to the illumination direction (Ross, 1981) . Thus,
The relationship between LAI and FGROUND derived from MISR data ( According to de Wit's (1965) classification (see also Ross, 1981, pp. 92 and 116-117) , the value G(θ 0 ) = 0.61 at SZA = 35°c orresponds to a canopy with leaves between a planophile (mostly horizontal leaves) and plagophile (mostly leaves at 45°) type of orientation. Given a model of leaf normal orientation, one can estimate the gap fraction as exp(− G(0)LAI). Thus, the fraction of PAR absorbed by the ground together with independent estimates of LAI can potentially be used to derive at least three measures of canopy structure -(1) extinction coefficient, G / cos(θ 0 ), for use in ecological models, which typically use the Beer's law or two-stream approximation to model radiation, (2) derive estimates of mean leaf inclination and (3) the gap fraction along the near-nadir direction which is related to vegetation ground cover.
It should be noted that the BHRPAR and FPAR are derived from two independent algorithms using different input information. The broadband visible albedo is directly obtained from the spectral BHR by integrating this product over the photosynthetically active spectral region (Diner et al., 1999a,b) . In the MISR approach to FPAR retrieval, BHR and BRF in the red and NIR spectral bands are used to estimate LAI and canopy absorptance at the red spectral wavelength. The latter then is extrapolated from one spectral point to the entire PAR region using the canopy spectral invariant (Knyazikhin et al., 1998b; Panferov et al., 2001; Rautiainen & Stenberg, 2005; Wang et al., 2003) . Thus BHRPAR and FPAR can be treated as independent estimates of canopy reflective and absorptive properties. The analyses presented here, therefore, suggest the consistency and complementarity of the MISR surface product suite that includes LAI, FPAR and BHRPAR.
MISR land surface products over validation sites
The EOS land community provides the infrastructure to accumulate resources required for validation of satellite products by linking multiple field programs . At most of the sites included in this structure, there is a longterm measurement program to support in situ measurements that can be used to assess the quality of satellite products. We selected five validation sites to analyze the MISR Level 2 Surface Parameters Product at local scales. The selected sites are shown in Table 1 . MISR data from year 2000 were selected for this investigation as in situ LAI measurements were available from most of these sites for this period.
Availability of MISR surface reflectance data
A successful retrieval of the BHR in the red band is necessary to perform LAI/FPAR retrievals. Therefore, we examine the availability of red band BHR product at local scales by evaluating the ratio of pixels with valid (non-fill) BHR values to the total number of pixels. The analysis was performed for 2°by 2°areas centered on the validation sites. For each area, the ratio was calculated using pixels from all Year 2000 orbits that overlapped with the 2°by 2°area. The availability of MISR BHR changes with site and varies between 15% and 40% (Table 1) . On average, input valid for LAI/FPAR retrievals was successfully generated for about 25% of the pixels. A significant portion of pixels with invalid input appeared to be cloud contaminated as the following analysis will demonstrate.
Inputs to the MISR surface retrieval algorithm include several atmospheric parameters from the MISR Aerosol Product. A successful retrieval must be done as a prerequisite to performing any type of surface retrieval (Martonchik et al., 1998a (Martonchik et al., , 2002 . A "Stage 1" aerosol retrieval algorithm (Diner et al., 2001 ) generates a Retrieval Applicability Mask (RAM) which contains flags indicating either a pixel is acceptable for the aerosol retrieval process or the name of the test which resulted in an unusable or contaminated designation. If data are not available in all 36 (angular and spectral) channels of MISR, the tests are skipped and the flag is set to 253. A complete list of flag values is presented in Table 2 . Their precise definitions can be found in Diner et al., 2001 .
A statistical summary of the RAM flags for two sites that exhibit minimum data availability is shown in Fig. 7 . The failure results are mainly generated by the angle-to-angle correlation test (45%-50%). The failure of the angle-to-angle smoothness test is the second factor (about 9%) preventing the aerosol retrieval process. Results from the remaining tests average between 8% and 17%. The percentage of pixels with flag value "253" varies between 14% and 22%. Distributions of the RAM flags for other sites exhibit similar behavior (Hu et al., 2004) . These results can be interpreted as follows. The imagery is put through a cloud-screening process before any aerosol retrievals are performed using MISR data (Martonchik et al., 2002) . A number of tests (Table 2) are performed to identify all areas in a scene that are considered not suitable for aerosol retrieval due to clouds or other reasons. Note that the radiance angle-to-angle smoothness (#9) and the image angle-to-angle correlation (#10) tests are performed using multiangle imagery that has been radiometrically calibrated, coregistered, and geolocated to the terrain. As such, if there are any clouds occurring within a scene, they will appear to be misregistered because of parallax. Since these two tests are designed to detect any such misregistrations, they provide a measure of cloud screening. Currently, these tests frequently override a flag value "optically thick atmosphere" (#12) generated by a cloud decision matrix.
To summarize, (1) cloud contamination is the main reason why a limited number of valid data are available for LAI/FPAR retrievals. In about 50%-60% of the cases examined, failure of the radiance angle-to-angle smoothness (# 9) and the image angle-to-angle correlation (#10) tests prevented aerosol retrieval. (2) The absence of data in all 36 channels of MISR (flag value "253") is responsible for about 14%-22% of invalid input to the LAI and FPAR algorithm. (3) The failure rate of other tests (Table 2) for the selected areas is about 8%-17%. (4) When a successful aerosol retrieval is performed, there is a 95% probability of successful surface reflectance retrieval (Martonchik, personal communication).
LAI and FPAR retrievals
The availability of LAI and FPAR products was performed for the same 2°by 2°areas centered on the validation sites. For each area, pixels from all orbits in year 2000 that overlapped with the 2°by 2°area were separated into three categories where (i) LAI/FPAR retrievals were not performed due to unavailability of BHR in the red and NIR spectral bands; (ii) LAI/FPAR algorithm failed and (iii) successful LAI/FPAR retrievals were performed. The first category, in turn, was broken into unavailability of input "due to clouds" and "due to other reasons." Fig. 8 shows a statistical summary of these cases. On average, about 25% of the pixels contain valid input to the LAI/FPAR algorithm. This number changes by site and may be as low as 14%.
The LAI/FPAR algorithm performance can be further assessed by analyzing the seasonal course of the Retrieval Index (RI) defined as the ratio of the number of pixels with successful LAI/FPAR retrievals to the total number of pixels with valid input. This index does not indicate retrieval quality but rather the success rate of the algorithm. Fig. 9 shows temporal variation in the RI for 2°by 2°areas centered on the five sites described in Table 1 and a needle leaf forest site near Ruokolahti, Finland (61.32N/28.43E, Wang et al., 2004) . The low number of algorithm retrievals during the winter time is due to snow conditions and/or the absence of green leaves. The retrieval index varies between 50% and 80% during the summer time. Fig. 10 shows temporal variation in mean LAI values over 2°b y 2°areas. Such a large area was required to accumulate sufficient statistics needed to derive mean temporal trajectories in view of the poor spatial coverage of the product. To reduce the impact of biome heterogeneity, mean LAI at a given validation site was derived from pixels with the correct biome type. Visual inspection of Fig. 10 indicates a significant overestimation of LAI in cases of biomes 1 (grasses and cereal crops) and 3 (broadleaf crops). The problem was traced to the calibration of the algorithm. The calibration procedure was performed by deriving global biome-dependent patterns of surface reflectance first and then adjusting a number of configurable parameters in the algorithm to match observations and simulations (Hu et al., 2003; Tian et al., 2003) . The at-launch land cover map based on AVHHR data was used to select biome Fig. 7 . Statistical summary of the RAM flags for Bondville and Harvard Forest sites. Fig. 8 . Statistical summary of cases for which (i) a successful LAI/FPAR retrieval was performed; (ii) LAI/FPAR algorithm failed; and (iii) a LAI/FPAR retrieval was not performed due to the absence of input. The latter case is broken into two sub-categories: "Input is unavailable due to clouds" and "Input is unavailable due to other reasons." The statistical analysis is performed using all Year 2000 orbits that overlapped with the 2°by 2°areas centered on the selected validation sites. dependent surface reflectances. It was found (Yang et al., 2006) that this land cover map has significant misclassification between grasses (biome 1) and broadleaf crops (biome 3), resulting in the mismatch between simulated and actual observations of the surface reflectance. The algorithm was recalibrated with Collection 3 MODIS Land Cover Product and integrated into version 3.3 MISR LAI/FPAR software which become operational since May 2005. Fig. 11 shows temporal profiles of mean LAI generated by the recalibrated algorithm.
The LAI trajectories show expected seasonal variations with the exception of needleleaf forests. The strong LAI seasonality in needleleaf forests is spurious and must be treated as an artifact resulting from too few reliable winter time retrievals (Fig. 8) . It should also be noted that there are few reliable measurements in the high northern latitudes during the winter period because of low sun angles and weak illumination conditions, which further amplify the problem of reliably estimating LAI in these regions during the winter months.
Validation of MISR LAI product
Validation results are a key source of information to users on product accuracy and also serve as the basis for further algorithm and product refinement research. Product validation refers to assessment of product accuracy through comparisons to ground measurements that are scaled to the product resolution (Morisette et al., 2002) . Significant efforts have already been made by multiple international teams to validate the Terra MODIS LAI product (Yang et al., 2006) . Part of validation activities were carried out at validation sites used in this study (Table 1) . For most of the sites, the validation procedure includes generation of a fine LAI resolution map, typically 7 by 7 km, from ground measurements and high-resolution satellite imagery according to a specific algorithm. This map is then degraded to a moderate resolution which is used as a reference to assess the quality of satellite products. We detail this validation strategy for Alpilles site in France.
Validation of the LAI product at a cropland site in Alpilles
A field campaign over a 3 × 3 km 2 agricultural area near Alpilles in France (43.810°N, 4.750°E) was performed from February 26 to March 15 in year 2001 . More than 95% of this site was composed of young and mature wheat and grasses (biome 1). Leaf area index was measured with a LAI-2000 Plant Canopy Analyzer. Data were collected on two transects of about 1 km at 50 m intervals and at 15 locations scattered throughout the site. Measurements at the 15 locations were performed at 4 m intervals on two 20 m lines which formed a regularly shaped cross. The average of 12 measurements was assigned as the LAI value at each of these locations and the standard deviations were taken as the precision of field measured LAI.
A subset of an ETM+ image from March 15, 2001 (path 196, row 90) containing the Alpilles site was selected for the purpose of generating a fine resolution LAI map of the site. The image was atmospherically corrected using the 6S radiative transfer code (Vermote et al., 1997) . Various techniques, including an empirical regression based on the Simple Ratio and the fine resolution MODIS LAI/FPAR algorithm, were evaluated to identify the most accurate method for generating the fine resolution LAI maps. The fine resolution MODIS algorithm and the SR relationship were the best candidates for this site and thus were used to generate a 30 m LAI map of a 20 × 20 km area centered on the Alpilles site (Tan et al., 2005) . This map was reprojected from UTM WGS84 projection into the Space Oblique Mercator (SOM) projection using the ENVI (version 4) software (WWW4) first and then degraded to a 1.1 km resolution reference map (Fig. 12) . Biome 1 pixels were selected for further analysis.
The MISR data from path 196, orbit 6598 (March 15, 2001 ) were used to validate the version 3.3 MISR LAI product. A 16.5 × 16.5 km area (15 × 15 MISR pixels) which coincided with the reference map was extracted from this path. There were 125 biome 1 pixels in the reference map. The MISR LAI/FPAR algorithm successfully retrieved LAI values for 65 of these pixels. Fig. 13 shows distributions of the version 3.3 MISR LAI product and the reference LAI. Mean LAIs derived from the MISR and reference maps are 0.84 (std = 0.3) and 0.96 (std = 0.29), respectively. This result suggests that the MISR LAI product for this site is accurate to within an accuracy of about 0.2 LAI with a precision of 0.3. This statement refers to an area consisting of about 65 MISR pixels (about 9 × 9 km).
Validation of MISR LAI product at other sites
An analysis of the availability of MISR observations over the remaining sites showed that 0.5°by 0.5°or larger areas around the sites were required to accumulate statistically stable LAI retrievals needed for the analysis described earlier. The reference maps of such sizes (see Table 1 ) were not available. The Collection 4 MODIS LAI product was taken as the reference. Validation at stage 1 has been achieved for the MODIS LAI and FPAR product. Field measurements from 29 sites, representative of major global vegetation types, were regressed against corresponding MODIS LAI pixel values, with a resulting R 2 value of 0.87 and an RMSE of 0.66. The MODIS LAI overestimates field measurements by about 12% in dense vegetation (Yang et al., 2006) . The assessment of the MISR product will be accomplished via analyses of linear regression models Y = β X + α of MISR LAI (dependent variable Y ) with respect to the MODIS LAI (independent variable X ).
Several complicated issues arise when one attempts to implement this strategy. For example, the actual spatial location of the corresponding pixels in the two product maps may not match well because of geolocation uncertainties as well as Fig. 11 . Annual profiles of the mean LAI temporal variation over biome 1 (grasses and cereal crops) and biome 3 (broadleaf crops) in 0.5°by 0.5°areas centered on Konza and Bondville sites generated by the re-calibrated (version 3.3) LAI and FPAR algorithm. reprojection and resampling procedures. Also, satellite derived products themselves have a certain accuracy and precision, for example, due to incomplete atmospheric correction. Therefore, the LAI value assigned to a single pixel may be unreliable, but the mean LAI of multiple pixels may be valid (Wang et al., 2004) . Thus, it is preferable to perform comparisons at multipixel (patch) scale, where the LAI product is statistically stable.
Analyses of MISR and MODIS LAI were performed for 0.5°b y 0.5°areas centered on the validation sites. For each 8-day MODIS composite period, mean MODIS and MISR LAI values were accumulated over MISR paths that overlay the 0.5°by 0.5°a rea and whose orbits fall within the MODIS compositing period. These mean values were then used to build linear regression models of MISR LAI with respect to the MODIS LAI. The relationships between the MISR conditional LAI and MODIS LAI values for four biome types are shown in Fig. 14 .
The BigFoot team (WWW5) performed validation of MODIS LAI products at Bondville, a cropland site in Illinois, USA; Konza Prairie Biological Station, Manhattan, Kansas, USA; and the Harvard Forest, (a temperate mixed forest site in Massachusetts, USA) sites (Cohen et al., 2003) . At Konza and Bondville, Collection 4 MODIS LAI was close to BigFoot field measurements scaled to MODIS resolution. MODIS and MISR LAI products agree sufficiently well at the Konza site (Fig. 14) . Together with the Alpilles results described earlier, this suggests good agreement between MISR LAI retrievals and ground measurements. The correlation between MISR and MODIS LAIs is stronger at the Bondville site (R 2 = 0.88), the slope is 1 and the offset is − 0.4. The MISR product underestimates MODIS LAI by about 0.4 LAI which is within the product accuracy specification of 0.5 LAI. The MISR product underestimates MODIS LAI by 0.9 LAI at the Harvard Forest site. This result may indicate better MISR retrievals since MODIS overestimates ground measurements (Cohen et al., 2003) .
The spatial and temporal variation of the MODIS LAI product in southern Africa was validated by Privette et al. (2002) and Huemmrich et al. (2005) along the International Geosphere Biosphere Programme's (IGBP) Kalahari Transect. Mongu in Zambia was one of five sites incorporated in this large-scale transect. At this site, field data were collected from March through December 2000. The TRAC instrument was used to sample the vegetation overstory LAI along three 750-m transects separated by 250 m. The length and spacing of transects were chosen to sample an area large enough to be representative of a 1-km MODIS pixel. The direct outcome of TRAC, plant area index, was adjusted with ancillary stem area index data to estimate the LAI. The results indicate that the MODIS LAI product correctly captured the temporal phenology including the wet season peak (April), senescence (May through July), peak dry season (September) and green-up (November). The MISR product also captures this behavior (Fig. 10) . MODIS and MISR LAIs are well correlated, R 2 = 0.7 (Fig. 14) . However, the MODIS LAIs exhibit a smaller range of variation compared to MISR LAIs. This is because MODIS overestimates LAI values by about 0.4 LAI during the dry season (see Fig. 8 in Privette et al., 2002) . This results in an increased value of the slope in the regression model (β = 1.4). If one corrects overestimated values by 0.4, the slope and intercept become 1 and 0.1, respectively, suggesting that the MISR provides a more accurate estimate of LAI during the dry seasons and coincides with MODIS values during other periods. This is consistent with the example discussed in Section 3.2.
Conclusions
An algorithm for the retrieval of LAI and FPAR from MISR surface reflectance data has been in operational processing at the Langley ASDC since October 2002. This paper describes the research basis for transitioning the MISR LAI/ FPAR product from provisional to "stage 1 validated" status, i.e., an estimation of product accuracy has been made using a small number of independent measurements from selected locations and time periods and ground-truth/field program effort. In our approach, a comprehensive analysis of relationships, consistency and complementarity between various MISR surface products derived from independent algorithms is also included to demonstrate the potential utility of these MISR products in monitoring and modeling studies as well as to explore the potential for enhanced information retrieval through innovative manipulation of multiple products. At the present time, most of the validation efforts are limited to LAI, and only a few FPAR measurements are available over select locations. Therefore, most of the material in this paper is focused on the LAI product.
The location of reflectance data in the spectral space is the basic source of information about the vegetation canopy conveyed by single angle multispectral satellite data. The inclusion of multiangular data (in addition to spectral sampling) provides additional information on land cover type, heterogeneity of vegetation canopies and brightness of their background. The use of this information results in reduced ambiguity and error in the retrieved LAI and FPAR fields in arid lands. The consistency and complimentarity of the parameters in the MISR surface product suite that includes LAI, FPAR and BHRPAR is demonstrated here in the derivation of the canopy extinction coefficient, mean leaf angle inclination and the gap fraction.
The spatial coverage of the MISR LAI/FPAR product is limited by the availability of atmospherically corrected surface reflectance data that are input to the algorithm. Cloud contamination is the principal reason limiting the availability of reflectance data. Failure of the radiance angle-to-angle smoothness and the image angle-to-angle correlation tests prevented aerosol retrieval in about 48-56% of the cases examined. The absence of data in all 36 channels of MISR is responsible for about 13-21% of invalid input to the LAI and FPAR algorithm. These pixels are mainly located near the path edges where the deviation of MISR view angles from their nominal values is maximal. The failure rate due to other reasons is about 7-17%.
Validation of the early versions of the MISR LAI product suggests the algorithm overestimates LAI values in grasses and broadleaf crops. The algorithm was recalibrated and incorporated into the version 3.3 operational MISR software. Validation of this version suggests the MISR LAI product to correctly accommodate structural and phenological variability. The product is accurate to within 0.66 LAI in herbaceous vegetation and savannas and is an overestimate by about 1 LAI in broadleaf forests. Retrievals over needle leaf forests remain at provisional quality level.
